Originally ion channels were thought to permeate only one kind of ion. For example, the K ϩ channel was thought to permeate only K ϩ , and the Ca 2ϩ channel was thought to permeate only Ca 2ϩ . However, some channels are known to be permeable not only to divalent cations, but also to monovalent cations. These include calcium channels [1] [2] [3] [4] [5] [6][7][8], the nicotinic acetylcholine receptor channel [9, 10], the NMDA receptor channel [11], and the cyclic nucleotide-gated channel [12][13][14][15].
, and the Ca 2ϩ channel was thought to permeate only Ca 2ϩ . However, some channels are known to be permeable not only to divalent cations, but also to monovalent cations. These include calcium channels [1] [2] [3] [4] [5] [6] [7] [8] , the nicotinic acetylcholine receptor channel [9, 10] , the NMDA receptor channel [11] , and the cyclic nucleotide-gated channel [12] [13] [14] [15] .
Single-site Eyring rate theory models have been used to account for macroscopic data of the cyclic nucleotide-gated channel from rods with monovalent and divalent cations [15] [16] [17] [18] . Haynes [19, 20] fitted single-channel data from multiple cone patches by using a single-site model. Wells and Tanaka [21] developed a two-site, Eyring rate theory model of ionic permeation for cyclic nucleotide-gated channels.
Many mutagenesis experiments have revealed that some amino acids in the pore are important in the ion selectivity of the channel, and some negatively charged amino acids may interact with permeable cations [22] [23] [24] . These findings may help to understand ion permeation mechanisms through the channel. It is important to construct an ion permeation model for channels that are permeable to both divalent and monovalent cations. We have previously shown that the single channel conductance of the Tetrahymena cation channel is controlled by the Gibbs-Donnan ratio of K ϩ and Ca 2ϩ and proposed a model for the permeation of monovalent and divalent cations through this channel [25] . In the model, we assumed that two potassium ions or one calcium ion was bound to the channel. This model was improved by using a two-barrier model to calculate the single channel current [26] , where we assumed that two potassium ions could bind the binding sites simultaneously, but potassium ions permeated independently, and only one calcium ion could bind the binding sites. This model was not a single-file model.
Abstract:
A cation channel from Tetrahymena cilia is permeable to both monovalent and divalent cations. A single-file two-site channel model was introduced for explaining the single channel currents of the channel in mixed solutions of K ϩ and Ca 2ϩ . In the model it was assumed that two potassium ions or one calcium ion can bind to the binding sites, and that the potassium ions between the binding sites are in a fast equilibrium condition. Single channel currents were calculated from the values of rate constants, ionic concentrations on both sides of the membrane, and the membrane voltages. This model could explain all the observed single channel currents of the channel in K ϩ or Ca 2ϩ solution and in mixed solutions of K ϩ and Ca
2ϩ
. , similar absolute values of single channel currents were obtained at ϩ25 and Ϫ25 mV.
We use values of single channel currents obtained at ϩ25 mV in these calculations. We previously showed that the single channel conductance of the Tetrahymena cation channel was controlled by the Gibbs-Donnan ratio and postulated that two potassium ions or one calcium ion can bind the channel simultaneously [25], which we also postulate in this paper.
A single-file two-site model in K
؉ solution We show a single-file two-site model to explain the channel by which two K ϩ ions can simultaneously bind to the two binding sites (B 1 and B 2 ) in the pore of the channel. Figure 1 shows a single-file two-site model. Rate constants in Fig. 1 are voltage-dependent and can be written as
The suffix C stands for K ϩ or Ca 2ϩ and z equals one for K ϩ and two for Ca . The quantities ␦ 1 and ␦ 2 represent the fraction of the total electrical potential drop, V, between the outside or inside of the membrane and the ion binding site, respectively [29] . This is often called the electrical distance. The quantities e 1 , e 2 , and e 3 represent the fractions of the electrical potential drop between the ion binding site and the energy maxima ( Fig. 1) . k Ci , k C-i , k Cb , k C-b , k Cf , and k C-f represent the voltage-independent elements of the rate constants.
We assume that two energy maxima except the central energy maximum are equal and that the barriers are symmetrical; thus the value of ␦ 1 equals ␦ 2 (ϭ␦), e 1 equals e 3 (ϭe), and e 2 is 0.5, and the value of k Ci equals k C-i (ϭk Ci ), k Cb equals k C-b (ϭk Cb ), and k Cf equals k C-f (ϭk Cf ). Experimentally the single-channel conductance was the same whether the net current was inward or outward in symmetric solutions [28] . We also assume that the central energy maximum is low.
The probabilities, P, of potassium ion occupancy of two binding sites are described as follows. 
where I K(i) represents K ϩ current between B 1 and B 2 site and e is elementary charge, 1.6ϫ10 Ϫ19 C. Then,
This is the fast equilibrium condition. We also postulate that the K ϩ ion can bind to the binding site only when that site is empty. That is, there is no knock-on mechanism between K ϩ ions. K ϩ ion flux between the outside of the membrane and the B 1 site (I K(1) /e) is described as follows.
where [K ϩ ] o indicates potassium ion concentration of the outside of the membrane. On the other hand, the K ϩ ion flux between B 2 site and the inside of the membrane (I K(2) /e) is described as follows. for the values of ␦ and 0.5 for the value of e. As the values of ␦ increase, the value of k Kf slightly decreases and the value of k Kb slightly increases. The four rate constants also slightly change as the value of ␦ changes. However, the dependence of the four rate constants on ␦ is small.
] relation of the channel. If we obtain the four rate constants, we can calculate the ionic currents from the values of ionic concentrations in both sides of the membrane.
We compare the potassium concentration dependency of single channel currents obtained from experiments [30] with that obtained by calculations by using this model at ϩ25 mV in symmetric K ϩ solution (Fig. 2A) . In calculations, the values of the single channel currents are very similar even where the value of ␦ changes. The single-file two-site model can explain this data well ( Fig. 2A) . on the value of ␦. The ratio of P(B 1 K) and P(B 2 K) is dependent on the K ϩ concentrations, and both P(B 1 K) and P(B 2 K) increase when the K ϩ concentration increases, becoming close to one but never decreasing. 
Calcium ion flux in
The calcium ion flux is calculated between the extracellular side of the membrane and B 1 site (: I Ca(1) /e) and between B 2 site and the intracellular side of the membrane (: I Ca(2) /e). ], we obtain the Michaelis-Menten type equation.
(22)
I Ca /e indicates the calcium ion flux through the channel.
According to the previous data, the maximum calcium current at ϩ25 mV is 0. 
From Eq. 27,
In calcium ion binding, we postulate that the calcium ion can bind to the nearer binding site only when that site is empty and the far site does not bind a calcium ion. For example, an extracellular calcium ion can bind to B 1 site only when B 1 site is empty, and intracellular calcium ion can bind to B 2 site only when B 2 site is empty. Concerning the condition of the other site, there are three cases. (1) The calcium ion can bind to the binding site only when both binding sites are empty (h 1 ϭh 2 ϭ0). "h 1 " and "h 2 " are the parameters that give the contribution to the K ϩ ion flux of bound K ϩ in the neighboring site driven out by Ca 2ϩ binding (see Eqs. 29 and 30). (2) The calcium ion can bind to the binding site even when the far site binds a potassium ion, and then that potassium ion is pushed off by the calcium ion, and the rate constant of cal- 
The K ϩ ion flux between B 2 site and the intracellular side of the membrane is
where, 0Ϲh 1 Ϲ1 and 0Ϲh 2 Ϲ1. " [Ca 2ϩ ] i h 2 k Ca-3 P(B 1 K, B 2 )" and " [Ca 2ϩ ] o h 1 k Ca1 P(B 1 , B 2 K)" are the K ϩ ion flux by the bound K ϩ ion that is pushed off by calcium binding. When h 1 ϭh 2 ϭ0, it is the first case, and when h 1 ϭh 2 ϭ1, it is the second case; when 0Ͻh 1 Ͻ1 and 0Ͻh 2 Ͻ1, it is the third case. Ca 2ϩ ion flux is calculated between the extracellular side of the membrane and B 1 site (: I Ca(1) /e) and between B 2 site and the intracellular side of the membrane (: I Ca(2) /e). In the following calculations, we assume the condition eϭ0. ]ϭ10 mM, the calculated currents when K Ca is 0.1 mM are close to the experimental data. There is no value of K Ca that can agree with all the experimental data. This fact means the condition "h 1 ϭh 2 ϭ1" cannot explain all the data.
Next we postulate the following condition, h 1 ϭh 2 ϭ0 Figure 4 shows the data obtained in the experiments and the calculations. We test 0.05, 0.1, and 0.2 mM as the value of K Ca . In this condition the calculated currents with 0.1 mM as the value of K Ca are similar to all the experimental data (Fig. 4) . We consider that the condition "h 1 ϭh 2 ϭ0" can explain all the data. This means that the Tetrahymena cation channel can bind two potassium ions or one calcium ion simultaneously, and one calcium ion can bind to one of the sites only when both binding sites are empty.
Next we postulate the following condition, h 1 ϭ h 2 ϭ0.5. We carried out a similar comparison with the experimental data. This postulation cannot explain the data well.
Reversal potentials of the channel in biionic condition of K ؉ and Ca
2؉
. To obtain the permeability ratio of K ϩ and Ca 2ϩ from the reversal potentials in the bi-ionic condition of K ϩ and Ca 2ϩ (for example, inside: K ϩ solution; outside: Ca 2ϩ solution), we usually use the Goldman-Hodgkin-Katz equation. In the Goldman-Hodgkin-Katz equation, if the concentrations of K ϩ and Ca 2ϩ were changed while the ratio was kept constant, the reversal potentials should also remain constant. Similarly, in the single-site channel model the reversal potential is determined by rate constants and the ratio of each ion's concentrations (Fig. 5A) .
In this single-file two-site model, if the concentrations of K ϩ and Ca 2ϩ were changed, keeping the ratio constant, the reversal potentials become different. are the same. The calculated reversal potentials in these two conditions are different, and two different values were obtained from the experiments in these two conditions (Fig. 5B) .
DISCUSSION
The values of the reversal potentials in the bi-ionic condition can distinguish this single-file two-site model in which binding sites can bind two monovalent cations or one divalent cation from the model in which each ion permeates through the channel independently (the Goldman-Hodgkin-Katz equation) or from the single-site channel model. If the concentrations of K ϩ and Ca 2ϩ were changed in the bi-ionic condition, keeping the ratio constant, the reversal potentials obtained by the Goldman-Hodgkin-Katz equation or the single-site channel model should be kept constant, but different reversal potentials are obtained. The experimental data support this single-file two-site model in which binding sites can bind two monovalent cations or one divalent cation. Other channels that can permeate both monovalent and divalent cations may be explained by this model, and if they can, ionic currents and reversal potentials of the channel can be calculated from this model. This single-file two-site model may be the best tool with which to understand the ion permeation mechanism of a channel that can permeate both monovalent and divalent cations.
The rate theory is convenient when the pore has definite ion-binding sites with deep potential minima, and ions can pass through the pore only by taking bound states. In this treatment, the probabilities of various types of site occupancies were separately defined and calculated. The interaction between bound ions was taken into consideration through these probabilities; furthermores, the possibility of kicking-out was checked. The comparison with experimental data showed that the probability of kicking-out is negligible. Thus the rate theory is useful to get images of ion permeation in which localized ion binding occurs.
Doyle et al.
[27] showed the crystal structure of the potassium channel in which the selectivity filter of the channel contained two potassium ions. Their result supports the idea that the ion channel has ion binding sites in the pore. And the existence of two potassium ion binding sites is consistent with this single-file twosite model. The structure analysis of the channel and the model creation are both important to understand the ion permeation mechanisms of ion channels.
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